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Introduction {#sec1}
============

Hebbian synaptic plasticity, widely regarded as the leading biological mechanism for information storage, involves activity-dependent changes in synaptic connectivity ([@bib32]). Notably, these changes have a physical component and excitatory postsynaptic current is highly correlated with dendritic spine volume. However, left unchecked activity would lead to a positive feedback loop in which changes in synaptic weight are further reinforced by future events. This has been proposed to result in loss of functionality of the system, by either driving synapses toward saturation, or through silencing the population. How neurons maintain stability in the face of destabilizing cellular and circuit events has been a long-standing question. One method neurons employ to resolve this is homeostatic synaptic plasticity (HSP), a feedback mechanism through which a population of synapses can be maintained to function within optimal bounds. During HSP, a decrease in global activity drives a counteracting scalar increase in synaptic strengths to bring the network into an optimal functioning range, and conversely, network activity increases will promote synaptic weakening ([@bib48]). This scaling is instantiated in part by AMPA receptor trafficking to and from the postsynaptic density, as well as through presynaptic changes that modify neurotransmitter release, leading to concomitant changes in synaptic strength ([@bib34], [@bib35]). HSP has been observed both *in vitro* and *in vivo* ([@bib10], [@bib49]), supporting a fundamental role for this mechanism in the proper functioning of the neural system.

Increasing evidence points to structural correlates of homeostatic plasticity ([@bib4], [@bib24], [@bib25]). Although it is well established that HSP modulates synaptic function, it is currently unknown how this process dynamically regulates spine structural changes and how such alterations affect the encoding of subsequent activity. Specifically, how HSP affects the induction and longevity of subsequent forms of Hebbian plasticity at individual inputs is yet to be determined. In this study, we examine how the induction of HSP affects the structure and function of hippocampal pyramidal neuron synapses and what are the consequences of these changes for future Hebbian plasticity. We find that the induction of HSP, due to chronic activity blockade, leads to an initial supralinear increase in the size of spines that over time becomes linear, thus producing structural scaling that matches the functional scaling of synapses. Through precise 2-photon-mediated glutamate uncaging, we further investigate how these homeostatic functional and structural plasticity changes affect the ability of individual inputs to undergo subsequent plasticity. We demonstrate that after HSP, spines express increased longevity of long-term potentiation (LTP), an increased growth rate after stimulation, and a reduced plasticity threshold. We find that HSP enhances the magnitude of synaptic potentiation through the preferential modulation of small spines and by promoting structural plasticity at clustered inputs following Hebbian activity at single synapses. Together, these changes provide a mechanism by which homeostatic plasticity can modulate synaptic efficacy and enhance future learning without compromising previously stored information.

Results {#sec2}
=======

Structural Correlates of Homeostatic Plasticity in Hippocampal Neurons {#sec2.1}
----------------------------------------------------------------------

Hebbian plasticity at an individual input is linearly correlated with volume changes in the corresponding spine ([@bib2], [@bib16], [@bib18], [@bib33]), and thus changes in the volume of a spine can be used as a reliable proxy for functional changes at the corresponding synapse. Since HSP is known to change the functional properties of the spine, we reasoned that homeostatic modifications of efficacy should be accompanied by structural plasticity of inputs. Supporting this idea, a partial blockade of activity in the visual cortex leads to the growth of distal spines *in vivo* ([@bib24]). Thus, applying a chronic activity blockade *ex vivo* in the hippocampus would allow us to model the structural consequences of homeostatic plasticity and to test how such changes affect further plasticity at single spines. We therefore induced HSP using tetrodotoxin (TTX) inhibition of sodium channels, for 0, 24, 48, or 72 hr ([Figure 1](#fig1){ref-type="fig"}A, see [Transparent Methods](#mmc1){ref-type="supplementary-material"}), as this has been shown to induce scaling of synaptic strengths in a variety of systems ([@bib23], [@bib49]). We chose to conduct our experiments in mouse hippocampal organotypic slice cultures, which maintain a physiologically relevant tissue architecture and in which the relationship between synaptic structure and function can be probed at the level of single spines. To verify that functional synaptic scaling occurred, we recorded spontaneous miniature excitatory postsynaptic currents (mEPSCs) from both TTX-treated and control CA1 hippocampal pyramidal neurons at 48 hr after the beginning of the HSP induction period ([Figures 1](#fig1){ref-type="fig"}B--1D). All recordings were performed in the presence of acute TTX to block action potentials. As expected, we found a significant increase in mEPSC amplitude following 48 hr of activity blockade ([Figures 1](#fig1){ref-type="fig"}B and 1C; control = 18.6 ± 0.25 pA, TTX = 20.72 ± 0.28 pA, p = 1.55 × 10^−8^, Mann-Whitney). The distribution of the TTX mEPSCs scaled linearly to overlay with the control distribution ([Figure 1](#fig1){ref-type="fig"}D), in accordance with the synaptic scaling theory. We next investigated whether homeostatic plasticity leads to structural modification of synapses by live, 2-photon imaging of GFP-labeled CA1 dendrites ([Figure 1](#fig1){ref-type="fig"}E). The volumes of all visible spines within the image were measured using *SpineS*, a custom in-house-developed MATLAB toolbox ([@bib12], [@bib55]). We found that spines chronically treated with TTX were significantly bigger than those from control cells beginning at 48 hr ([Figures 1](#fig1){ref-type="fig"}E and 1F; control = 0.136 ± 0.0062 μm³, TTX = 0.211 ± 0.0123 μm³, p = 1.9e-10). As both control and TTX-treated spines initially reduced in volume ([Figure 1](#fig1){ref-type="fig"}F, 24 hr), it is unlikely that the spine enlargement we observe reflects an activity-induced blockade of spine shrinkage by TTX ([Figure 1](#fig1){ref-type="fig"}F; mean ± SEM: control~0h~ = 0.195 ± 0.0125, control~24h~ = 0.142 ± 0.005, p = 0.003 \[two-way ANOVA\]; TTX~0h~ = 0.184 ± 0.008, TTX~24h~ = 0.147 ± 0.008, p = 0.03 \[two-way ANOVA\]). However, by 48 hr TTX spines were significantly bigger than the 24-hr TTX spines, and than the 48-hr control spines ([Figures 1](#fig1){ref-type="fig"}E and 1F; control = 0.136 ± 0.0062 μm³, TTX = 0.211 ± 0.0123 μm³, p = 1.9e-10; [Figure S2](#mmc1){ref-type="supplementary-material"}A). Surprisingly, as opposed to the linear functional scaling of mEPSCs seen in response to HSP, we found that structural scaling of spine volumes at 48 hr are best fit to controls with a second-order equation ([Figure 1](#fig1){ref-type="fig"}G). This superlinear scaling resulted from a preponderance of large spines after TTX treatment, for which correspondingly large mEPSCs were not observed.Figure 1Spines Undergo Structural Scaling following Activity Blockade(A) Experimental protocol to induce HSP in hippocampal organotypic slices.(B) Example mEPSC recording traces from control and TTX-treated conditions at the 48 hr time point. *Bottom:* representative individual mEPSCs.(C) Quantification of mEPSC amplitudes after 48 hr of activity blockade, represented as mean ± SEM. \*\*\*p = 1.553 × 10^−8^, Mann-Whitney. For all data presented, total number of spines or mEPSCs are represented by the first number (n) and followed by the number of independent neurons (N, in parentheses) from which they were collected. Number of mEPSCs (n) from independent neurons (N): control = 552 (8), TTX = 742 (8).(D) Ranked control mEPSC amplitudes plotted against TTX condition at 48 hr. Best fit line to the data: TTX = control × 1.45--6.06.(E) Representative images of dendrites at either 0 or 48 hr after TTX treatment or in control media. Asterisks indicate all the spines that were analyzed. Scale bar, 5 μm.(F) Quantification of spine volumes for the indicated conditions, represented as mean ± SEM. \*\*p~0\ control\ --24\ control~ = 0.003; \*p~0\ TTX--24\ TTX~ = 0.03; \*\*\*p~TTX 24--TTX\ 48~ = \<0.0001; \*\*\*p~48\ control--48\ TTX~ = 1.9e-10. All statistics: two-way ANOVA, post-hoc Bonferroni. Number of spines (n) from independent neurons (N) for the 0, 24, and 48 hr time points: control = 103(6), 245(8), 285 (7). TTX = 172 (7), 232 (5), 208 (6).(G) Ranked control spine volumes plotted against TTX condition at 48 hr. Best fit line to the data: TTX = control^2^ × 5.44 + control × 0.25 + 0.55.(H) Quantification of mEPSC amplitudes after 72 hr in TTX, represented as mean ± SEM. \*\*\*p = 1.883 × 10^−15^, Mann-Whitney. Number of mEPSCs (n) from independent neurons (N): control = 1,164 (10), TTX = 1,302 (12).(I) Quantification of spine volume after 72 hr in TTX, represented as mean ± SEM. \*\*\*p = 0.0008, Mann-Whitney. Number of spines (n) from independent neurons (N): control = 258 (6), TTX = 214 (6).(J) Ranked control 72-hr mEPSC amplitudes plotted against TTX mEPSC amplitudes. Best fit line to the data: TTX = control × 1.10--0.01.(K) Ranked control 72-hr spine volumes plotted against TTX 72-hr spine volumes. Best fit line to the data: TTX = control × 1.26--0.004.See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.

After 72 hr of activity blockade, synapses maintained the enhancement of mEPSC size ([Figure 1](#fig1){ref-type="fig"}H; mean ± SEM: control 72 hr = 20.35 ± 0.27 pA, TTX 72 hr = 22.18 ± 0.239 pA, p = 1.88 × 10^−15^, Mann-Whitney) and spine volume increases ([Figure 1](#fig1){ref-type="fig"}I; mean ± SEM: control = 0.16 ± 0.0073 μm³, TTX = 0.19 ± 0.0093 μm³, p = 0.0008 Mann-Whitney). However, at this time, scaling was instantiated in a linear fashion at both the level of mEPSC amplitude and spine volumes ([Figures 1](#fig1){ref-type="fig"}J and 1K). This suggests that the expression of functional and structural scaling evolves dynamically over time in response to prolonged activity blockade. We wanted to determine whether the prolonged activity blockade affected the total number of spines, and therefore we calculated spine density over days ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Spine density did not differ significantly over time between the control and TTX populations (p = 0.568, two-way ANOVA), indicating that activity blockade did not lead to an alteration in the total number of spines.

Reversibility of Homeostatic Plasticity-Mediated Structural Changes {#sec2.2}
-------------------------------------------------------------------

Synaptic strength modifications that occur in response to activity blockade are reversible upon re-exposure of a circuit to activity ([@bib10], [@bib51]). We tested whether the structural changes that resulted following activity blockade were also reversible when activity is restored. After 48 hr of homeostatic plasticity induction, by which time significant structural and functional scaling have occurred ([Figure 1](#fig1){ref-type="fig"}), we removed TTX allowing slices to resume activity and measured spontaneous firing using whole-cell patch-clamp recordings ([Figures 2](#fig2){ref-type="fig"}A and 2B). Activity blockade for 48 hr led to higher firing rates compared with untreated cells ([Figure 2](#fig2){ref-type="fig"}C; control \[median\] = 1.33, IQ range = 0.11:18.83 spikes/min; TTX \[median\] = 13.33, IQ range = 11.5:21.06 spikes/min; p = 0.03, Kruskal-Wallis post-hoc Dunn). To exclude the possibility that the higher firing rates we observed were due to a rebound after the acute withdrawal of TTX from the system, a set of control neurons were briefly incubated in TTX (2--4 hr, named "acute TTX condition"). This manipulation did not significantly alter firing rates, which were similar to untreated controls ([Figure 2](#fig2){ref-type="fig"}C; acute TTX: median = 4.44, IQ range = 2.0:29.33 spikes/min versus control no TTX: median = 1.33, IQ range = 0.11:18.83 spikes/min, p \> 0.9 Kruskal-Wallis post-hoc Dunn). Thus the firing rate changes we observed were the result of HSP and did not arise from the acute withdrawal of TTX. We then investigated whether the circuit would return to its original level of activity once neurons were released from blockade. Indeed, after having removed TTX for 48 hr, firing rates were indistinguishable from controls ([Figure 2](#fig2){ref-type="fig"}C; control \[median\] = 1.33, IQ range = 0.11:15.56. TTX reversal \[median\] = 1.67, IQ range = 0.194:11.76. p \> 0.05, Kruskal-Wallace post-hoc Dunn). We then examined whether structural modifications accompanied these firing rate changes, and observed a similar reversal in spine volumes ([Figures 2](#fig2){ref-type="fig"}D and 2E). TTX-treated spines significantly reduced in size 48 hr after TTX removal ([Figure 2](#fig2){ref-type="fig"}E; mean volume ± SEM: TTX 48 hr = 0.21 ± 0.0063 μm³; TTX 48 hr reversal = 0.16 ± 0.0064 μm³; p = 4.1852 × 10^−7^). These findings support the idea that functional plasticity is matched by structural plasticity and that spine sizes reversibly and accurately reflect the activity landscape.Figure 2Structural and Functional Changes after HSP Are Reversible(A) Experimental timeline for reversal experiments.(B) Example traces showing cell firing following 48 hr of activity block. Spikes are demarcated with black circles.(C) Quantification of spikes per minute throughout experiment, represented as median + IQ range. \*p~48\ control--48\ TTX~ = 0.03, Kruskal-Wallis post-hoc Dunn; \*\*p~48\ TTX--48\ post\ TTX~ = 0.010, Kruskal-Wallis post-hoc Dunn. Number of neurons: 48 hr TTX condition: 48 hr control = 17, 48 hr acute TTX = 20, 48 hr TTX = 26; 48 hr "post-TTX" control = 15, 48 hr post-TTX reversal = 18.(D) Representative images from dendrites after 48 hr of HSP induction and at 48 hr post TTX. Scale bar, 5 μm.(E) Quantification of spine sizes throughout the experiment, represented as mean ± SEM. All p values calculated using Kruskal-Wallis test, post-hoc Dunn\'s. \*\*\*p~48\ TTX--48\ post\ TTX~ = 4.1852 × 10^−7^. Number of spines (n = first number) of neurons (N = in parentheses): 48 hr control = 285 (7), 48 hr TTX = 208 (6), 48 hr "post-TTX" control = 514 (14), 48 hr post-TTX = 430 (15).

Enhanced Hebbian Potentiation of Small Spines after Homeostatic Plasticity {#sec2.3}
--------------------------------------------------------------------------

Functional plasticity can be enhanced upon homeostatic modulation in hippocampal slices ([@bib3], [@bib13]), but occlusion of LTP may also occur ([@bib43]). Given our finding that robust growth of spines occurs during homeostatic plasticity, we wanted to determine whether individual inputs were able to undergo further activity-dependent structural plasticity. We therefore induced HSP in hippocampal slices for 48 hr and followed this with synaptic potentiation at visually identified dendritic spines through 2-photon-mediated glutamate uncaging ([Figures 3](#fig3){ref-type="fig"}A and 3B; see [Transparent Methods](#mmc1){ref-type="supplementary-material"}). This paradigm elicits potentiation and growth of only the stimulated input, but not the nearby neighboring spines ([@bib16], [@bib18]). We followed the growth of spines relative to their average baseline volumes, in both the TTX and control conditions ([Figures 3](#fig3){ref-type="fig"}C and 3D), and compared with the unstimulated neighboring spines. During the initial 45 min post-stimulation, both TTX-treated and control spines grew to a similar extent, indicating that homeostatic structural scaling does not occlude activity-dependent structural plasticity (mean ± SEM; control stimulated 45′ = 1.45 ± 0.10; control neighbors 45′ = 1.08 ± 0.04; TTX stimulated 45′ = 1.59 ± 0.14; TTX neighbors 45′ = 1.14 ± 0.04; p \> 0.99) ([Figure 3](#fig3){ref-type="fig"}D). However, after 120 min, only the stimulated inputs in the TTX-treated neurons remain significantly larger than their neighbors ([Figure 3](#fig3){ref-type="fig"}D; mean ± SEM: TTX stimulated 120′ = 1.53 ± 0.13; TTX neighbors 120′ = 1.16 ± 0.04), as control spines begin to return to their initial volume ([Figure 3](#fig3){ref-type="fig"}D; control stimulated 120′ = 1.30 ± 0.01; control neighbors 120′ = 1.14 ± 0.04). Although the TTX and control spines are not significantly different at 120′ (p = 0.1345, Mann-Whitney), they begin to diverge, as seen relative to their respective neighbors. Thus, at scaled synapses, activity that would otherwise lead to short-lived structural plasticity now elicits long-lasting structural plasticity.Figure 3Potentiation of Single Inputs Is Enhanced at Smaller Spines following HSP(A) Timeline for uncaging experiments.(B) Representative images of structural plasticity following single spine glutamate uncaging. Arrowheads and dots indicate stimulated and neighboring non-stimulated spines, respectively. Scale bar, 5 μm (main image), 1 μm (inset).(C) Normalized volume of stimulated and neighboring spines for control and TTX-treated conditions over 2 hr of LTP induction, represented as mean + SEM. Volumes were calculated from Z-stacks taken in 5-min bins from time point 0 (thus the stack represented as 0 was collected between 0 and 5 min, for example). For all data, the total number of spines are represented by the first number (n), and followed by the number of independent neurons (N = in parentheses) from which they were collected. Control stimulated = 17 (17), TTX stimulated = 18 (18), control neighbors = 85 (17), TTX neighbors = 102 (18).(D) All analyzed stimulated and neighboring spine volumes at time points 45 min and 120 min post-stimulation, with the mean marked. Significance was calculated using one-way ANOVA post-hoc Bonferroni. Control condition: ∗∗p~stimulated45--neighbors45~ = 8.4246 × 10^−4^; p~stimulated120--neighbors120~ = 0.6881. TTX condition: ∗∗∗p~stimulated45--neighbors45~ = 2.9383 × 10^−4^. ∗∗p~stimulated120\ --\ neighbors120~ = 0.0046 \[n same as in (C)\].(E) Distribution of all initial volumes of stimulated spines, with example spine images. The cutoff for defining "large" spines was the median volume off all spines multiplied by 1.5. Scale bar, 1 μm.(F) Initial absolute spine size versus normalized spine volume at 120 min. TTX spines linear regression: r2 = 0.48, ∗∗p = 0.002. Control linear regression: r2 = 0.06, p = 0.346.(G) Time course of the structural LTP experiment plotting only the small spines, represented as mean +SEM. ∗p = 0.0458, two-way repeated measures ANOVA. Number of spines (n) from neurons (N, in parentheses): control = 13 (13), TTX = 11 (11).(H) Time course of structural LTP plotting only large spines, represented as mean +SEM. p = 0.699, two-way repeated measures ANOVA. Number of spines (n) from neurons (N, in parentheses): control = 4 (4), TTX = 17 (17).See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Structural plasticity at individual inputs varies with activity and spine size. Weak stimulations preferentially affect small spines ([@bib33]), whereas strong stimuli can elicit structural plasticity across a variety of spine sizes ([@bib16], [@bib36], [@bib40]). Our stimulated spines spanned a range of sizes, allowing us to test whether size interacted with prior expression of HSP when expressing synaptic potentiation and further spine growth ([Figure 3](#fig3){ref-type="fig"}E). We examined the amount of structural plasticity expressed by spines of different initial sizes after activity blockade. We found a negative correlation between a spine\'s initial average value and its normalized final volume when the spine population had first undergone homeostatic plasticity, but not in the control population, indicating that spine volume is an important modulator of the potential for plasticity after HSP ([Figures 3](#fig3){ref-type="fig"}E and 3F; r^2^ = 0.48 for TTX, p \< 0.01, r^2^ = 0.06 for control, p \> 0.3). To further examine how HSP modulates the size dependence of structural plasticity, we classified spines as "large" if their initial volume was more than 150% of the median initial volume of all spines, and the remainder were placed in the "small" category. This latter group did not fall below the 25^th^ percentile of the entire distribution, as can be seen in the plot of all the experimental spines\' initial volumes relative to the population from which they were drawn ([Figures S2](#mmc1){ref-type="supplementary-material"}A and S2B). Among the small spines, we observed a significant increase in the magnitude of LTP in the TTX condition compared with the controls ([Figure 3](#fig3){ref-type="fig"}G; p = 0.046, 2-way repeated measures ANOVA). On the other hand, large spines expressed a short-lasting growth that quickly decayed to baseline and was not dependent on whether they had been subjected to activity blockade ([Figure 3](#fig3){ref-type="fig"}H; p = 0.70, 2-way repeated measures ANOVA). Therefore, small spines preferentially underwent long-lasting structural plasticity after HSP. We further observed that small spines, which had undergone HSP, tended to show a greater degree of initial growth in response to the induction of plasticity ([Figure 3](#fig3){ref-type="fig"}G, time point 0). To quantify the dynamic growth of these spines, we analyzed high-speed images of the spine head taken throughout the stimulation period (approximately 20 Hz) and did not observe a significant difference in the growth curves between the control and TTX-treated spines ([Figures 4](#fig4){ref-type="fig"}A and 4B). When we examined the rate of growth that each spine expressed in the first minute after the stimulation, however, we found that TTX-treated small spines grew more than control small spines ([Figure 4](#fig4){ref-type="fig"}C; p = 0.018, one-way ANOVA with post-hoc Tukey\'s), whereas large spines showed no difference between the two conditions. Therefore, glutamate stimulation leads to a sustained growth of homeostatically modified small spines, which may reflect prolonged signaling at these synapses. Together, these data indicate that HSP facilitates Hebbian plasticity and that this is accomplished at the individual spine level through preferential structural plasticity of small inputs.Figure 4HSP Increases the Efficacy and Reduces the Threshold for Induction of LTP at Individual Spines(A) Representative image of a single spine during the course of uncaging. Scale bar, 5 μm (main image), 1 μm (inset).(B) Individual traces of spine growth during glutamate uncaging stimulation. Control spine growth versus TTX spine growth: p = 0.198, two-way repeated measures ANOVA. Number of spines (n): control = 16, TTX = 18.(C) Growth rates of stimulated spines for 1 min after the end of stimulation, represented as mean +SEM. \*p~small\ control--small\ TTX~ = 0.018, one-way ANOVA with post-hoc Tukey\'s. p~large\ control--large\ TTX~ \< 0.99, one-way ANOVA with post-hoc Tukey\'s. Number of spines (n): control small = 13, TTX small = 11, control large = 4, TTX large = 7.(D) Quantification of normalized spine volume with different stimulation pulse durations in the control condition, represented as mean +SEM. p~1ms stimulated--1ms\ neighbors~ = 0.292, two-way repeated measures ANOVA post-hoc Bonferroni. Number of spines (n) from neurons from which they were collected (N, in parentheses): stimulated 1 ms = 11 (11), neighbors 1 ms = 52 (11), stimulated 4 ms = 17 (17). \*p~1msstimulated--4ms\ stimulated~ = 0.039; two-way rm ANOVA. Note 4 ms data are the same as shown in [Figure 3](#fig3){ref-type="fig"}.(E) Quantification of normalized spine volume with different stimulation pulse durations in the TTX condition, represented as mean + SEM. \*\*p~1ms stimulated--1ms\ neighbors~ = 0.007, two-way rm ANOVA. p~1ms\ stimulated--\ 4ms\ stimulated~ = 0.27, two-way rm ANOVA. Number of spines (n) from neurons (N): stimulated 1 ms = 11 (11), neighbors 1 ms = 52 (11), stimulated 4 ms = 18 (18). Note 4 ms data are the same as in [Figure 3](#fig3){ref-type="fig"}.

Homeostatic Plasticity Facilitates the Induction of Hebbian Structural Plasticity {#sec2.4}
---------------------------------------------------------------------------------

Having observed that small spines showed enhanced responses to stimulation after homeostatic plasticity, as reflected by a higher rate of growth and longer lasting structural plasticity ([Figures 3](#fig3){ref-type="fig"}G and [4](#fig4){ref-type="fig"}C), we reasoned that these inputs may respond more robustly to a weaker stimulation. This is also supported by previous findings that loss of activity at individual inputs lowers their threshold for subsequent plasticity ([@bib29]). To test this possibility, we applied a subthreshold stimulation that utilizes a shorter laser pulse of 1 ms (instead of 4 ms) during the glutamate uncaging protocol, since this does not induce structural plasticity at spines ([@bib16], [@bib18]). Indeed, control spines that underwent this subthreshold stimulation showed only a transient post-stimulus growth that lasted 5 min, resulting in no long-term plasticity ([Figure 4](#fig4){ref-type="fig"}D; control spines, 1 ms stimulated versus neighbors: p \> 0.05, 2-way repeated measures ANOVA, post-hoc Bonferroni). These results were significantly different from what we had observed in response to the 4-ms stimulation ([Figure 4](#fig4){ref-type="fig"}D; 1 ms stimulated versus 4 ms stimulated; p = 0.04, 2-way repeated measures ANOVA; compared with data from [Figure 3](#fig3){ref-type="fig"}C). In contrast to this, HSP-modified spines grew significantly in response to the subthreshold stimulation and remained larger than their neighbors ([Figure 4](#fig4){ref-type="fig"}E; TTX spines, 1 ms stimulated versus neighbors, p = 0.01, 2-way repeated measures ANOVA, post-hoc Bonferroni). Following TTX treatment, both weak and strong stimulations elicited similar levels of long-lasting growth of spines ([Figure 4](#fig4){ref-type="fig"}E; 1 ms stimulated versus 4 ms stimulated: p = 0.27, 2-way repeated measures ANOVA). Thus, homeostatic plasticity facilitates structural plasticity by lowering the threshold for stimulation, without affecting the magnitude of plasticity. In this way, HSP acts locally, in conjunction with activity, to increase the likelihood that an individual synapse will participate in the encoding of information.

Homeostatic Plasticity Influences Structural Plasticity of Neighboring Spines {#sec2.5}
-----------------------------------------------------------------------------

In addition to modifying synaptic inputs through scaling, homeostatic plasticity can also influence cellular firing rates by modulating the intrinsic excitability of neuronal membranes ([@bib11]). We reasoned that such alterations could facilitate the expression of structural plasticity not only at stimulated spines but also at nearby inputs within the dendritic branch. To test this idea, we examined whether homeostatic plasticity altered neighboring spine volume dynamics following the potentiation of single inputs. We ranked neighboring spines according to their distance from the stimulated spine (with 1 representing the closest neighbor to a stimulated spine) and plotted their growth dynamics for 2 hr following the stimulation ([Figure 5](#fig5){ref-type="fig"}A). We found that spines located in close proximity to the stimulated spine increased in volume only in neurons that had first undergone homeostatic plasticity (compare the first 20 spines, from 0 to 60 min after stimulation, [Figure 5](#fig5){ref-type="fig"}A). We classified the unstimulated neighbors as "near" or "far"---located either within or beyond 5 μm of the stimulated spine, respectively---and quantified spine volume changes over time ([Figures 5](#fig5){ref-type="fig"}B--5D). As expected, none of the neighbors of stimulated spines changed significantly from their original size in untreated neurons ([Figures 5](#fig5){ref-type="fig"}B and 5C). However, after HSP, neighbors that were within 5 μm of the target spine exhibited significant growth in the 5 min following the stimulation ([Figure 5](#fig5){ref-type="fig"}B) and remained significantly larger than more distant spines ([Figures 5](#fig5){ref-type="fig"}B and 5D; p = 0.001, two-way repeated measures ANOVA). Interestingly, farther neighbors (located up to 20 μm away from the site of stimulation) tended to decrease in size for several minutes following activity, although this was not significantly different from baseline ([Figure 5](#fig5){ref-type="fig"}D). Given that neighboring spines grew, whereas distal spines tended to shrink, we did not find a significant difference in the mean spine volumes at the level of the dendritic branch between control and TTX-treated neighbors ([Figure S3](#mmc1){ref-type="supplementary-material"}; p = 0.573, two-way ANOVA). We next investigated whether there was a correlation between the structural dynamics of each stimulated spine and its neighbors. We calculated correlation coefficients between the volume change of the stimulated spine and those of its neighbors across the time course of the experiment. Fluctuations in the volumes of neighboring spines in control conditions were independent of the stimulated input ([Figure 5](#fig5){ref-type="fig"}E; r2 = 0.00263, p = 0.61), whereas spine volumes in TTX-treated neurons changed in accordance with the stimulated spine ([Figure 5](#fig5){ref-type="fig"}F; r2 = 0.156, p \< 0.001). Specifically, near-TTX neighbors had a positive correlation with the stimulated input, reflecting growth, which eventually became a negative correlation at further distances from the stimulated spine. These findings indicate that HSP reduces the input specificity of activity in a distance-dependent manner that is simultaneously cooperative with near and competitive with far inputs. This allows for homeostatic modulation to effect structural plasticity within a dendritic region through activity at a single spine, which favors clustered plasticity of synaptic inputs.Figure 5Stimulation of Single Inputs Leads to Plasticity of Clustered Neighbors after HSP(A) Heat maps of growth dynamics of neighboring spines over time. Neighbors from all experiments were pooled and ranked in order of distance from the stimulated spine. Index 1 is the spine nearest to its stimulated spine, and 80 is the furthest away. Heatmap = normalized spine volume. Number of spines (n) from neurons from which they were collected (N, in parentheses): control = 80 (17), TTX = 80 (18).(B) Normalized spine volumes for the first 10 min following stimulation for the different neighboring conditions, with the mean marked. \*\*\*p~TTX\ near--TTX\ far~ = 3.66 x 10^-6^; p~Control\ near--Control\ far~\>0.99, Kruskal-Wallis. Number of spines (n) from neurons from which they were collected (N, in parentheses): control near = 22 (17), control far = 63 (17), TTX near = 32 (18), TTX far = 70 (18).(C) Normalized volumes of near and far neighboring spines in the control condition, represented as mean + SEM. p = 0.987, two-way rm ANOVA. Number of spines same as above.(D) Normalized volumes of neighboring spines in the TTX condition, represented as mean +SEM. \*p = 0.0124, two-way repeated measures ANOVA. Number of spines same as above.(E and F) Correlation coefficients of volume change of stimulated spines versus volume change of neighboring spine, plotted against the distance between the neighboring spine and the stimulated spine. (E) Linear regression control: r^2^ = 0.003, p = 0.641. (F) Linear regression TTX: r^2^ = 0.156, \*\*\*p = 3.91 × 10^−5^.See also [Figure S3](#mmc1){ref-type="supplementary-material"}.

Discussion {#sec3}
==========

Synaptic networks must balance the need to enhance efficacy during learning without saturating their capacity for further changes. Homeostatic plasticity can achieve this regulatory role by effecting a gain modulation on neurons to maintain synaptic activity within an optimal target range. The consequences of implementing HSP for the network, and specifically, the effect of its interaction with Hebbian plasticity on the subsequent encoding of information at the level of single inputs, is unclear. Due to the linear relationship between synaptic structure and function, we used live 2-photon imaging and glutamate uncaging to probe the physical consequences of inducing homeostatic plasticity on a neuron, and to determine how this affects the ability of single synapses to undergo further changes in efficacy. We show that HSP, induced by 48 hr of activity blockade, leads to the reversible growth of dendritic spines. We demonstrate that this form of modulation facilitates subsequent structural plasticity at single synapses and that this effect preferentially occurs at smaller inputs. After HSP, activity elicits a faster growth rate at these spines and converts an otherwise subthreshold stimulation into one that is now capable of eliciting structural plasticity. Interestingly, we find that the induction of Hebbian plasticity on a background of homeostatic plasticity leads to compromised input specificity, as neighboring spines grow when they are located in close proximity to a stimulated synapse. Taken together, our results show that homeostatic plasticity can modulate a neuron\'s response to activity by facilitating the sensitivity of smaller inputs and inducing structural plasticity at neighboring synapses.

The structural scaling that we observe after 48 hr of activity blockade results in a non-linear upscaling of spines and an increased number of large spines ([Figure 1](#fig1){ref-type="fig"}G). By 72 hr, this structural scaling becomes linear ([Figure 1](#fig1){ref-type="fig"}K), suggesting that the initial changes may represent a physical overshooting of the target size. This has also been observed on short timescales following glutamate stimulation of single spines, where an initial large volume change is followed by stabilization of the spine at a more modest size ([@bib33]). Of interest, an overshoot of cellular responses has been described during recovery from visual deprivation, suggesting that exaggerated responses of both structural and functional modifications may be a feature of the convergence of Hebbian and homeostatic plasticity ([@bib47]). Upon the reinstatement of activity, we find that spines return to their original size as firing patterns normalize by 48 hr ([Figures 2](#fig2){ref-type="fig"}C--2E), indicating that homeostatic structural changes are plastic and reversible, similarly to homeostatic responses to alterations in activity levels.

We demonstrate that activity blockade increases spine sizes across the population, raising the question of whether further enhancement of potentiation and spine growth could be achieved across inputs of different sizes. Both enhancement and occlusion of plasticity have been reported following HSP at the population level ([@bib3], [@bib13], [@bib43]), but it is unclear how individual inputs are modulated. Furthermore, although larger synapses have been shown to undergo functional homeostatic modulation ([@bib46]), inputs show a size-dependent variation in their ability to undergo Hebbian structural plasticity, large spines being more stable and requiring stronger stimulation to be potentiated ([@bib16], [@bib33]). We probed plasticity with glutamate uncaging and found that HSP leads to structural plasticity lasting over 2 hr preferentially at small spines, whereas control spines decay to baseline after 1 hr ([Figures 3](#fig3){ref-type="fig"}G and 3H). This indicates that after HSP a long-lasting, protein-synthesis-dependent form of Hebbian plasticity was induced at these inputs, whereas a shorter, protein-synthesis-independent form was induced in controls, based on the differential longevities of structural plasticity ([@bib16]). Several lines of evidence point to the involvement of new protein synthesis during homeostatic plasticity. The specific production of plasticity-related proteins has recently been shown to occur following activity blockade with TTX ([@bib42]), and a mechanistically distinct form of HSP acting through retinoic acid receptors is also known to induce new protein synthesis ([@bib1], [@bib44]). Furthermore, activation of group 1 metabotropic glutamate receptors by Homer1A leads to ERK- and mammalian target of rapamycin-dependent protein translation during homeostatic scaling ([@bib20]). These studies suggest that protein synthesis is likely to be a crucial component of homeostatic responses, similar to its role in the maintenance of long-term plasticity changes ([@bib9]).

Closer examination of the structural plasticity we induced revealed that the population of small spines express the majority of the growth, whereas large spines remain stable ([Figures 3](#fig3){ref-type="fig"}G and 3H). This result implies that while homeostatic modifications may increase the absolute number of large spines, plasticity at these inputs is saturated to an equal extent irrespective of whether they had undergone activity blockade, and their threshold for structural plasticity is not further altered by HSP. Upon stimulation, we did not observe a significant difference in the magnitude of the potentiation that spines expressed, nor in their immediate response to the stimulation itself, but rather we found that spines post-HSP express a significantly faster growth rate compared with their counterparts in the first minute after stimulation ([Figures 4](#fig4){ref-type="fig"}A--4C). This enhanced response may be due to amplified signaling cascades shared between these forms of plasticity ([@bib14]), which could facilitate the induction of long-lasting structural plasticity. It was therefore not surprising to find that a subthreshold stimulation elicits long-lasting growth only at inputs that have undergone homeostatic plasticity ([Figures 4](#fig4){ref-type="fig"}D and 4E), without affecting the initial magnitude of the response between the HSP-modified synapses and the control populations. Changes to N-methyl-D-aspartate receptor composition that occur following activity blockade could provide a means by which to enhance the calcium permeability of synapses and thus would allow for prolonged signaling responses ([@bib5], [@bib29], [@bib38]). Taken together, these data show that the effects of homeostatic plasticity preferentially affect small spines during Hebbian regulation of synaptic strength by predisposing them to undergo long-lasting structural changes. Such modulation may result in the conversion of weaker stimuli into more salient forms and proposes a more global role for HSP in information encoding beyond the optimization of neuronal activity.

A hallmark of activity-dependent changes during Hebbian plasticity is input specificity ([@bib6]). In contrast, homeostatic plasticity is generally expressed over a wider synaptic range, although local homeostatic changes can also occur at the dendritic level ([@bib7], [@bib22], [@bib30], [@bib44]). How such modulation affects Hebbian learning rules at individual inputs is unknown ([@bib50]), but computational studies have postulated that homeostatic plasticity can influence previous Hebbian events at a synapse ([@bib56]). We therefore considered the analogous possibility that HSP may function to influence subsequent Hebbian plasticity, beyond the stimulated synapse. Indeed, we find that HSP induces the spillover of Hebbian structural plasticity within the dendrite, as seen by the growth of neighboring unstimulated spines following the activation of one input ([Figure 5](#fig5){ref-type="fig"}). Thus, homeostatic plasticity drives the local expression of Hebbian plasticity and reduces input specificity. Mechanistically, the high degree of overlap between pathways leading to the expression of Hebbian and homeostatic plasticity may facilitate such interactions. Most prominently among these is the modulation of synaptic strength through changes in AMPA receptor content in the postsynaptic density, which occurs during both forms of plasticity ([@bib21], [@bib35]). Furthermore, a variety of proteins that regulate AMPA receptor localization and retention in the post-synaptic density (PSD) have been shown to play a role in both Hebbian and homeostatic plasticity, such as the activity-dependent protein Arc/Arg2.1, PSD-95, and other PDZ domain-containing proteins such as PICK1 and GRIP1 (for review, see: [@bib14], [@bib54]). These may serve to regulate either the number or the subtype of AMPA receptors present at the synapse in an activity-dependent manner, and if acting at the branch level, may influence subsequent Hebbian plasticity. In addition, pathways classically associated with the expression of Hebbian plasticity, such as CamKII activation of SynGAP and thus Ras ([@bib27]), have recently been linked to homeostatic plasticity via SynGAP-mediated suppression of protein translation ([@bib52]). By directly impinging on ERK-Ras activity, this may represent one mechanism by which homeostatic plasticity can influence Hebbian plasticity at neighboring inputs. It remains to be determined how these processes are regulated to achieve both neuronal stability and information storage.

Although cooperative interactions have been shown to occur between inputs when multiple synapses are stimulated ([@bib16], [@bib18]), in the absence of such co-activation, structural changes at neighbors have thus far served to counterbalance the direction of plasticity ([@bib37]). Our observations that HSP promotes activity-driven growth of a group of synapses within a 5-μm area is in alignment with the observed distance and time over which plasticity-related proteins, such as Ras, can spread between co-active synapses ([@bib19], [@bib18]). Following activity at a single spine, the movement of Ras in particular has been shown to spread locally in the dendrite and to effect a reduction in the threshold of plasticity at neighbors. As signaling by brain-derived neurotrophic factor, which leads to Ras-ERK activation, plays a role in both Hebbian and homeostatic plasticity ([@bib28], [@bib41], [@bib52]), it is possible that Ras activity represents a mechanistic point of convergence that allows for the spread of LTP following HSP. Some of the signaling events related to Ras and Rho activation can now begin to be elucidated by taking advantage of new fluorescence resonance energy transfer-based sensors that allow for the visualization of ERK and PKA kinases ([@bib45]), which can travel for over 10-μm along the dendrite, matching well with the parameters over which we observe metaplasticity between spines. It will be interesting to assess whether the spatial and temporal spread of Ras is altered following activity blockade.

The interaction between homeostatic and Hebbian plasticity may coordinately delimit a region of clustered plasticity, which has been proposed to increase the memory capacity of a neural circuit ([@bib8], [@bib16], [@bib17], [@bib39]). Although clustered activity and its structural correlates have begun to emerge ([@bib15], [@bib16], [@bib26], [@bib31], [@bib53]), the mechanisms that drive the physical organization of inputs are still unknown. HSP may provide a basis for such organization by reducing the threshold for cooperativity between inputs, allowing primed synapses located within several microns of an active spine to be more easily potentiated. This may serve as a first step in the physical arrangement of synapses into clusters. The broader consequence of this could be the binding together of information of varying saliencies, within a delimited region, into the same engram.

Our finding that synaptic threshold modulation after HSP is implemented at small, rather than at large spines, and in a reversible manner, suggests that synaptic scaling mechanisms are separable from plasticity mechanisms. However, by promoting long-lasting plasticity at select spines, and potentiating unstimulated neighboring spines within a delimited dendritic region, homeostatic plasticity may interact with and reduce the input-specific nature of Hebbian plasticity, enhance the clustering of synaptic inputs, and shape the long-term organization of neural circuits. In this way, despite the global nature of homeostatic plasticity, inputs may be locally modulated in an activity-dependent manner.

Limitations of the Study {#sec3.1}
------------------------

The linear correlation between the structural properties of a spine (i.e., volume) and the functional ones (i.e., conductance) have been repeatedly demonstrated ([@bib2], [@bib16], [@bib18], [@bib33]). This allows for changes in spine volume to be used as a proxy for quantifying changes in functional plasticity. Indeed, we have previously shown that when spine current amplitude is measured hours after the induction of structural plasticity, the linear scaling of size with current amplitude is maintained ([@bib16]). Nevertheless, we cannot formally exclude the possibility that some of the changes induced upon homeostatic plasticity may alter this structure-function relationship. Although it is not currently possible to follow functional changes at individual inputs over many days, it would be interesting to observe in real time the dynamic fluctuations in a spine\'s structural and functional properties in response to changes in activity. In addition, since the complete blockade of all activity *in vivo* cannot be achieved, we could not test the interplay between homeostatic and Hebbian plasticity at single spines in this context, something that would be of interest to evaluate in the future.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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